Introduction
With increasing demandf ort he production of novel compounds for a wide range of pharmaceutical, chemical, and cosmetics applications comes a need for effective approachest hat can reliably assess their adverse and potentially carcinogenic properties during thee arly phases of development. Current approachest o in vitro genotoxicity assessmentt hat include the classical Ames bacterial mutation test lack specifcity and provide limited information about mechanisms of genotoxicity (Walmsley and Billinton, 2011) . Quantitative assessment ofd amage-associated signal transduction activity may therefore serve as a more sensitive reporter for induction of structural, organelle, or DNA damage (Hendriks et al., 2013) .
The ToxTracker™ assay is a mammalian stem cell-based genotoxicity assay that uses reporter genes specifc to cell damage pathways capable of tracking DNA replication, oxidative stress induction and protein misfolding. Validation of this assay was achieved using compoundsr ecommended by the European Centref ort he Validation of Alternative Methods( ECVAM) for the specifc effects of toxicity.
Although microscopy can detect fuorescent reporters, a quantitative method is required for assessment of cellular response on a population scale. ToxTracker™ was validated on and is optimized fort he Guava ® easyCyte HT benchtop fow cytometer. 96-well automated sample acquisition facilitates the screening of multiple compounds at a range of concentrations. Measurement of toxicity indicators using the Guava ® easyCyte platform augments the sensitivity and specifcity of the ToxTracker™ assay with the kind of quantitative data from signifcant cell populations that is characteristic of 9ow cytometry.
Materials & Methods

Cell culture and treatments
For chemical exposure, cells were seeded 24 hours priort o exposure and subsequently exposed to the test compounds for 24 hours. For analysis of compounds that require metabolic activation, cells weree xposed for3hours in the presence of 1% S9 rat liver extract, washed with phosphate-buffered saline (PBS) and cultured for2 4 hours in Buffalo rat liver cells -conditioned medium without the tested compounds and S9.
Detection of GFP expression
GFP reporter expression was determined by 9ow cytometry on the Guava ® easyCyte 5HT benchtop cytometer, equipped with a 488 nm blue laser and 96-well plate reader. Cells were incubated with the test substances in gelatin-coated wells of 96-well plates. Following 24 hours ofe xposure, activation of thed ifferent GFP-reporters was determined by the mean 9uorescence intensity of5 000 intact cells, using the heat-mapping feature of Guava 
Test criteria
Activation of a reporter cell line was considered positive when, at any applied dose, exposure to a compound resulted in >1.5f old induction of GFP expression. The relative cell survival after2 4 hours of treatment was calculated ast he ratio in concentration of intact cells for treated versus untreated samples as determined by the Guava ® InCyte™s oftware. All data presented are the summary of at least three independent biological replicates, and error bars representt he standarde rror.
Validation of GFP reporter cell lines
GFP reporter cells weree xposed to 50 genotoxic and non-genotoxic compounds at fve or more concentrations. The selection of compounds was largely based on the ECVAM-suggested list of chemicals for validation of in vitro genotoxicity test assays ( Kirklande t al., 2008) . Compound concentrations were based on cytotoxicity. Samples exhibiting >25% cell death following 24 hours of treatment were not included in results. The life science business of Merck KGaA, Darmstadt, Germany operates as MilliporeSigma in the U.S. and Canada. (A) Previous toxicogenomic studiesr evealed genes upregulated following exposure of mES cells to genotoxic and non-genotoxic carcinogens. Genes unique to speciFc damage pathways were selected to generate six GFP-reporter cell lines (B). Figure 2. Workfow for ToxTracker™ assay on the Guava ® easyCyte 5HT.
(A) mES GFP reporter cell lines werec ultured on gelatin-coated wells for 24h exposure top utative toxicc ompounds, then acquired on the Guava ® easyCyte 5HT fow cytometer. (B) The Guava ® InCyteª software features a heatmapping displayt hat providesr apid visual and quantitative assessment for compound screening approaches such as ToxTracker™. Color intensity of wells on the map corresponds to mean fuorescence intensity from the selected channel. The green channel intensity is mapped to assess relative induction of GFP reporters in the ToxTrackerª assay.
Figure 3. Flow cytometry detects damage-associated cellular responses.
(A) Following exposure to the DNA-damaging chemotherapeuticc isplatin (CisPt), a bright )uorescence was induced in the Rtkn-GFP reporter line (upper panel). In contrast, no signiFcant )uorescence was induced by oxidative stress-inducing agent diethyl maleate (DEM) in these cells. The Srxn-1-GFP cells (lower panel) demonstrate only moderate )uorescence when compared with untreated mES cells following exposure to CisPt(middle row),b ut were robustly induced by DEM. Graphs shown are mapped to their corresponding wells in the plate map, where the InCyteª heat map feature provides a graphical representation from GFP )uorescence, as shown here, or of any )uorescence channel, from up to six plates simultaneously. (B) GFP reporter cells weree xposed to increasing concentrations of the DNA damaging agent cisplatin( CisPt), the oxidative stress-inducing agent diethyl maleate (DEM) and the UPR-activating compound tunicamycin. GFP induction levels in intact cells were determined by )ow cytometry at 24 h. exposure. (C) Cell survival was determined byt he Guava ® easyCyte 5HT after 24 h. exposure as the relative decrease in cell concentration compared to untreated controls.
Conclusions and discussion
The current standard battery of in vitro genotoxicity assayst hat generally includest he bacterial Ames gene mutation test and a micronucleus test is profoundly limited by an inability to provide insight into the mechanisms of toxicity that are induced by a compound. The ToxTracker™ assay addresses genotoxicityw ith GFP reporter cell lines that provide specifc and sensitive indicators of the activation of genes involved in cell damage responses. A means to collect this specifc signaling induction information from large numbers of cells is clearly needed to ensure quantitative data that provides confdence in reporter cell tracking.
Because of the need to screen a large number of compound formulations at a relevantr ange of concentrations, systems that can automatically acquire samples in a single experimental session expedite toxicity screening ande liminate the introduction of interassayv ariation. Guava ® easyCyte HT (high-throughput) 9ow cytometers are equipped with an integrated multiwell plate carrier to permit single setup and walkaway acquisition for up to 96 samples. The unique microcapillary 9uidics design of Guava ® cytometers enables directs ampling, conferring thed istinct advantage of absolute cell counts, and permittingd irect correlation between cellularr esponses and cytotoxicity. Together, these tools provide solutionst om eett he need for convenient and consistent data collection compatible with high-throughput toxicity andd rug discovery assays. 
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Results
Biomarker identifcation
Whole genome transcription data of mES cells after exposure to various genotoxic and non-genotoxicc arcinogens clearly demonstrate thed ifferential responsiveness of the selected biomarker genes( Figure 1B ) ( Hendriks et al., 2012 , Schaap et al., 2014 . Bscl2 and Rtkn are preferentially induced by DNA damaging agents, while Srxn1 and Blvrb are induced upon oxidative stress. Upregulated BTG2 expression re9ects activation of the P53 response and ist herefore induced upon DNA damage and oxidative stress. Finally,e nhanced DDIT3 expression represents activation of the unfolded protein response.
Metabolic activation
The major enzymest hat are involved in the metabolic activation of pro-genotoxins,e .g. cytochrome P450s ande poxide hydrolyses, are scarcely or not expressed in mES cells.
We tested whethert he addition of S9 rat liver extracts during pro-carcinogen treatment could supplementt he Toxtracker™ assayw ith the necessary enzymatic activitiest o allow detection of the genotoxic properties of compounds that require metabolic activation. GFP reporter induction was measured by 9ow cytometry. All compoundst ested induced both DNA damage reporters BSCL2 and RTKN. In addition,e xposure to pro-genotoxins in the presence of S9 extract frequently led to concurrent activation of the oxidative stress reporters. 
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